INTRODUCTION
Following the pioneering work of Housner (1963) , the problem of rocking response and overturning of free-standing blocks to earthquakes, and especially to harmonic ground motion pulses, has been the subject of intense analytical and experimental research. Despite its apparent simplicity, the problem has proven to be a difficult task due to the nonlinear behavior introduced by the impact of the block with the base and the sensitivity of the response to even trivial changes of the problem parameters. Previous studies (e.g. Muto et al. 1960 In this paper, we investigate the seismic response of rigid blocks subjected to synthetic pulselike ground motions. We consider rigid blocks of various dimensions which are subjected to pulse-like ground motions recorded at different locations with respect to the causative fault. The synthetic records consist of a low-frequency pulse, with known properties, and a highfrequency component. Following a systematic workflow, we investigate the sensitivity of the response of rigid blocks, and especially the overturning risk, to different problem parameters, such as the magnitude of the event, the distance, block dimensions and slenderness and other ground motion properties.
THE RIGID BLOCK PROBLEM
A rigid block of dimensions 2b2h ( Figure 1 ) oscillates about point A (or A'), provided that the coefficient of friction is large enough to prevent sliding. The block has weight W and moment of inertia I0 about point A (Figure 1 ). Assuming that the block is homogeneous and thus the center of gravity is located at height h, the block will start rocking only if the incipient ground acceleration exceeds the value of (b/h)g or gtan(α), where α = atan(b/h) is the block slenderness. Note that α together with the block size parameter R = 22 hb  fully define the geometry of the block. The equation of motion of the block (Housner 1963 ) thus becomes:
where the angle of rotation θ is the only degree of freedom. The sign function is used to define the pivot point (A or A'), which depends on the sign of θ. Therefore, when A' is the pivot point, θ receives a negative value as implied by the sign function. For rectangular blocks, the moment of inertia becomes I0 = (4/3)mR 2 , while for small rotations θ, Equation (1) can be linearized:
where p denotes the characteristic frequency of the rocking block and is defined as:
Dimitrakopoulos and DeJong (2012) have shown that the frequency parameter p is equal to the oscillating frequency of the block if it is viewed as a pendulum with the rocking rotation point (A or A') being the pivot point. Damping is event-based, meaning that energy is lost only when the angle of rotation reverses and impact with the base occurs. The conservation of angular momentum just before and right after impact gives the coefficient of restitution η. This coefficient typically receives values between 0.6-0.9 and its theoretical value (Housner 1963 ) is:
The equation of motion is solved numerically, while closed-form expressions for harmonic ground motions have been proposed by Dimitrakopoulos and DeJong (2012) .
GENERATION OF BROADBAND SYNTHETIC GROUND MOTIONS
The hybrid method proposed by Mavroeidis and Papageorgiou (2003) is used to simulate broadband near-fault pulse-like ground motions. The incoherent (high-frequency) seismic radiation is synthesized using the specific barrier model (SBM) (Papageorgiou and Aki 1983) . In the context of the SBM, the fault is visualized as an ensemble of non-overlapping circular subevents of equal diameter 2 0 that cover a rectangular fault with length L and width W. As the rupture front sweeps the fault plane with a rupture velocity V, a local stress drop ∆ L occurs on each subevent. The subevent rupture starts from its center and spreads radially outward with a constant spreading velocity until it is arrested by the barriers. The SBM has been calibrated to shallow crustal earthquakes of various tectonic regions (Halldorsson and Papageorgiou 2005) . Given an earthquake magnitude and the tectonic region, the interdepend-ence of other source parameters on the local stress drop ∆ L and the barrier interval 2 0 allows the causative earthquake fault to be constructed. Since the site of interest is considered to be in the "near field" of the ruptured fault, it is necessary to simulate time histories for each individual subevent of the SBM, rather than for the entire seismic event as an aggregate of subevents. The subevent time histories are subsequently summed up at the site with appropriate consideration of time delays.
On the other hand, the coherent (long-period) ground motion component is simulated using the mathematical model proposed by Mavroeidis and Papageorgiou (2003) . The mathematical formulation for the representation of the near-fault velocity pulses is:
where Ap controls the amplitude of the signal, fp is the prevailing frequency of the signal, is the phase of the amplitude-modulated harmonic, γp is a parameter that defines the oscillatory character of the signal, and t0 specifies the epoch of the envelope's peak. In addition, the pulse period Tp is defined as the inverse of the prevailing frequency fp.
In what follows, we consider a vertical strike-slip fault in an interplate region and five scenarios with a distinct moment magnitude (Mw 5. We vary the seed number within the SBM so that 100 realizations are obtained for every combination of magnitude and receiver location. The longperiod ground motion pulses are generated using the model input parameters as suggested by Mavroeidis and Papageorgiou (2003) and Halldorsson et al. (2011) . The amplitude Ap is computed as Ap = 0.9 PGV, where the logarithm of PGV follows a normal distribution with the mean value provided by:
and a standard derivation of 0.187. The distance measure rrup is defined as the closest fault-tostation distance. The pulse period Tp scales self-similarly with earthquake magnitude, and the logarithm of Tp follows a normal distribution with the mean value determined by:
and a standard deviation of 0.143. In addition, parameter γp follows a normal distribution with a mean value of 1.93 and a standard deviation of 0.47. This distribution is left-truncated to one to ensure that all γp values are greater than one. Finally, the phase angle follows a normal distribution with mean 1.83 and standard deviation of 0.98. Note that for every combination of magnitude and receiver location, 100 samples for each model parameter (e.g. Ap, fp, vp and γp) are generated using Monte Carlo sampling. Finally, the long-period components of ground motion are superimposed on the high-frequency ground motions, with the initiation of the pulses aligned with time incident corresponding to 1% of the Arias intensity of the highfrequency motions. Figure 3 shows the spatial distribution of the mean peak ground acceleration (PGA) of the synthetic broadband near-fault ground motions. For both Mw cases shown, larger mean PGA values are produced in the center of the fault-parallel direction that is closer to the epicenter, while the mean PGA attenuates as the distance in the fault-normal direction increases. Furthermore, the mean PGA values are larger for events of smaller magnitude ( Figure 3 ). This was first observed empirically by Somerville (2000) , while Mavroeidis and Papageorgiou (2003) and Mavroeidis et al. (2004) discussed and explained mathematically that acceleration pulses generated by smaller earthquakes are typically stronger i.e., they have higher amplitude but shorter duration than acceleration pulses of larger earthquakes. However, once the highfrequency component is added to the pulse-type motions, this trend may be reversed.
PRELIMINARY RESULTS

Magnitude-distance plots
We consider twelve rigid block configurations with aspect ratio λ = h/b equal to 2, 3, 5, 10 and characteristic frequencies p = 1.5, 2.5, 5.0. The grid consists of 56 receiver stations and, for every station and block configuration, we perform block response history analysis using 100 forward-directivity synthetic ground motions. Thus for every station, we perform 12000 rigid block response history analyses. Unless otherwise specified, all analyses refer to a fixed value of the coefficient of restitution η = 0.9. Compared to the PGA plots of Figure 3 , the spatial distribution is the same, but the overturning probabilities decrease for large magnitudes. This is due to the fact that large magnitude events produce weaker and longer pulses although they have a longer duration and a stronger high-frequency component.
(a) (b) Figure 5 shows the empirical probability that the ground motion is not strong enough to initiate rocking. It is reminded that a block starts rocking only if the PGA of the incipient ground motion exceeds gtan(α). For the Mw = 5.5 case, practically all ground motions trigger rocking for small distances from the fault, while for stations far from the fault the probability that rocking is not initiated becomes very high. On the other hand, for the Mw = 7.5 case, the probability that no rocking is initiated is quite high even at sites very close to the fault (Figure 5b ).
(a) (b) Figure 6 PGA vs Ap. The blue lines refer to the closed-form expression of stable-unstable threshold for sine excitation according to Dimitrakopoulos and DeJong (2012).
Overturning spectra
The results are grouped in Figure 6 in stable-unstable plots in the acceleration-frequency domain. In Figure 6a , the normalized PGA with respect to the critical acceleration for the initia-tion of rocking, gtanα, is plotted versus the normalized pulse period, ωp/p, while in Figure 6b the normalized pulse acceleration, Ap, is plotted versus ωp/p. Red points correspond to blocks that overturned and green points to blocks that did not overturn. Blocks that were not set to rocking motion are not shown; thus, PGA/(gtanα) is larger than one for all points shown in Figure 6a . However, Ap/(gtanα) can be smaller than one, as shown in Figure 6b .
These plots are referred as "overturning spectra", since the horizontal axis of Figure 6 measures frequency, while the vertical axis measures the intensity of the ground motion. Angle α controls the slenderness of the block (Figure 1 ), while parameter p accounts for the size of the block.
The two plots of Figure 6 , which look similar, define the region in which the block might overturn. In both plots we also show, for comparison, with solid blue lines the closed-form solution of Dimitrakopoulos and DeJong (2012) that define the safe-unsafe threshold for a full sine pulse with amplitude equal to the PGA or the pulse amplitude Ap of our synthetic records and frequency ωp equal to that of the low-frequency pulse. The sinusoidal ground motions are assumed symmetric (i.e. ν = 0). The following observations can be made looking at Figure 6 :
 PGA/(gtanα) is preferable over Ap/(gtanα), since it is easier to calculate and respects the condition that rocking will immense only if PGA/(gtanα) ≥ 1.
 The use of a sinusoidal pulse is overall more conservative.
 As we move to the right side of each plot of Figure 6 , the points shown refer to blocks that are either large (large R and small p) or are subjected to high frequency ground motions (large ωp values). Therefore, these results show that overturning is rather improbable to occur in such cases. This seems to be true for ωp/p larger than 8, independently of the amplitude of the normalized acceleration.
 On the left edge of the plots, specifically for values of ωp/p smaller than about 2, corresponding to ground motions containing long-period pulses (small ωp values) or to smallsize blocks (large p values), overturning occurs for all ground motions capable to initiate rocking.
 The apparent limit between the safe and the unsafe region implies only that the blocks on the safe side do not overturn. In other words, there are many blocks on the "unsafe" region that did not overturn. In this sense, the threshold between the safe-unsafe regions corresponds to the minimum normalized ground acceleration PGA/(gtanα) for each value of ωp/p that could topple the block, without meaning that all excitations with larger values of PGA/(gtanα) will cause overturning.
 Compared to our results, the sinusoidal ground motions are more conservative for ωp/p values that exceed 6. Beyond this limit, our broadband simulations yield that the blocks do not overturn, as opposed to the case of sinusoidal pulse where the blocks are safe or their response does not depend on the PGA/gtan(α) parameter.
SENSITIVITY ANALYSIS
Effect of distance and magnitude
In Figure 7 , the probability of block overturning versus the magnitude of the event is shown for several distances. The black solid line denotes the average trend. It is evident that the probability of block overturning is affected by both magnitude and distance. Concerning the effect of distance, small distances result to higher probabilities of block overturning, as expected. However, concerning the effect of magnitude, it is seen that the overturning probability does not monotonically increase with magnitude as one would expect, since, for events of magnitude larger than Mw = 6.5, the overturning probability reduces as the magnitude increases. This counter-intuitive response is attributed to the saturation of the PGV for earthquakes with magnitude larger than 6.5 while the period of the pulse is increasing exponentially with the magnitude (Eq. (7)). As a result, the directivity pulse has small acceleration amplitude for large magnitudes, which is not capable to produce intense rocking. Further insight on the dependence of the block overturning probability with distance and magnitude is offered by Figure 8 and Figure 9 , respectively. Figure 8 shows the effect of distance on the block overturning spectra. The left plot (Figure 8a ) clusters the data depending on the distance, while Figure 8b shows the threshold curves that define the safe and the unsafe regions, allowing a better comparison. The number of blocks that overturn decrease with distance as also indicated by the overturning probabilities of Figure 7 , which is attributed to the fact that the PGAs decrease at large-distances (Figure 3) . However, as evident from Fig. 8b , the distance does not affect the safe-unsafe threshold for small values of ωp/p, but only for blocks with ωp/p ≥ 4, for which the unsafe region expands to the right for small-distant events.
(a) (b) Figure 9 Clustering of the ground motions that caused block overturning with respect to moment magnitude Mw: (a) all simulations; (b) envelope curves indicating the threshold between safe and unsafe regions. Figure 10 Relationship of the period Tp of the directivity pulse with moment magnitude Mw and distance. As Mw increases longer period values are obtained, while there is no dependence with respect to the distance. Figure 9 shows the effect of moment magnitude Mw on the block overturning. The effect of Mw is strong, since the different magnitudes have distinct threshold curves (Figure 9b ). This is due to the fact that both PGA and ωp depend on the magnitude. As shown in Figure 3 , events of small Mw (e.g. Mw=5.5) produce larger PGA values than larger magnitudes (e.g. Mw=6.5), UNSAFE SAFE although the failure probabilities do not follow this trend (Figure 7 ). On the other hand, ωp decreases quickly with amplitude due to the exponential increase of the pulse period Tp (Figure 10 ), which means that only small values of ωp/p can be attained for large-magnitude events. In this sense, for a given block (given p), the normalized frequency ωp/p decreases abruptly as Mw increases and, therefore, the safe-unsafe threshold moves to the left for the range of the block dimensions examined (block size is measured by parameter p).
Another interesting conclusion that can be drawn from Figure 9b is that, for values of ωp/p < 3 the minimum PGA required to overturn a block is almost equal or slightly larger to the one needed to set it on rocking motion, since PGA/(gtanα) is close to unity. For events with large magnitude Mw (larger than 7.0), this means that, if the ground excitation is strong enough to trigger rocking, it will most probably cause overturning too. However, for events of smaller Mw, for which values of ωp/p > 3 can be attained, the minimum PGA required to overturn a block is significantly larger than the one needed to initiate rocking (equal to gtanα). (a) (b) Figure 12 Clustering of the data with respect to γp: (a) all simulations that cause block overturning, (b) envelope curves indicating the threshold between safe and unsafe regions. 
Effect of the oscillatory character of the directivity pulse (γp parameter)
The γp parameter is a constant of the wavelet proposed by Mavroeides and Papageorgiou (2003) that defines the oscillatory character (i.e. zero crossings) of the signal. This parameter was assumed normally distributed when the synthetic records were generated. Figure 11 shows the analyses that overturned the blocks as function of γp versus the normalized PGA/(gtanα) intensity. The distribution of the analyses with respect to the values of γp resembles that of a normal distribution. Furthermore, Figure 12 shows the overturning spectra when the results are clustered with respect to γp. Both the cloud plots of Figure 12a and the threshold lines of Figure 12b indicate that γp has a small effect on the overturning of the blocks.
Effect of block properties
Sensitivity to the coefficient of restitution η
The coefficient of restitution η controls the damping of the rocking motion. Figure 13b shows the threshold curves of the overturning spectra (e.g. Figure 6a ) for different values of the coefficient of restitution η, namely η = 0.7, 0.8 and 0.9. Practically there is no difference between η = 0.8 and 0.9, while η = 0.7 shifts the threshold curves slightly to smaller ωp/p values. Therefore, the effect of η, in general, is small, although there are cases where this parameter may alter the results. This conclusion is compatible with the results of past studies based on pulse-like ground motions, as the ones shown in Figure 13b obtained with the aid of the closed-form relationships of Dimitrakopoulos and DeJong (2012) . In this case, the coefficient of restitution affects only the closed-loop curves, which refer to block overturning after one impact, while the monotonically increasing upper curve, which corresponds to the threshold of overturning without impact, is independent of the coefficient of restitution.
(a) (b) Figure 13 Effect of the coefficient of restitution η on overturning spectra: (a) this study; (b) obtained using sinusoidal pulses (Dimitrakopoulos & DeJong 2012). Figure 14 shows the effect of the block slenderness ratio λ = h/b, i.e. the aspect ratio of the block. The h/b values considered are: 2, 3, 5 and 10, corresponding to slenderness angles α equal to 26.5, 18.4, 11.3 and 5.7 degrees, respectively. As expected, slender blocks are more UNSAFE SAFE likely to overturn, as shown in Figure 14a , since they set to rocking motion for records with small enough PGA. Furthermore, slender blocks topple for significantly smaller angle of rotation than stocky ones, therefore, they are more vulnerable to small-period ground motions. This is the reason that the threshold curves of the overturning spectra move towards larger ωp/p values as λ increases (Figure 14b ).
Effect of block slenderness
(a) (b) Figure 14 Overturning spectra for different values of the slenderness ratio λ of the blocks: (a) overturning probability versus λ; (b) overturning spectra.
(a) (b) Figure 15 Effect of the frequency parameter p on the response of the block: (a) overturning probability versus p; (b) overturning spectra (note that the horizontal axis is not divided with p).
Effect of block size
In Figure 15 , we examine the effect of the frequency parameter p which is used to measure the size of the block according to Eq. (3). We examine blocks with p = 1.5, 2.5 and 5, which correspond to blocks with half diameter R = 3.3 m, 1.18 m and 0.30 m, respectively. Figure  15a shows the scale effect on the probability of overturning, which was first observed by Housner (1963) , with smaller blocks (larger p) been more vulnerable than larger ones (smaller p) of the same aspect ratio. This is also shown in Figure 15b , in which the safe-unsafe thresholds of the overturning spectra are shown w.r.t. the pulse frequency ωp. It is evident that small blocks overturn even for high-frequency ground motions, for which large blocks of the same UNSAFE SAFE UNSAFE SAFE aspect ratio are safe.
CONCLUSIONS
There are several parameters that control the seismic response of rigid block structures when subjected to pulse-like ground motion records. This paper offers a systematic investigation on the impact of several critical parameters through generating a large number of synthetic ground motion records and considering receiver locations at different places with respect to the fault. The response is post-processed in the form of overturning spectra, i.e. plots of the peak ground acceleration normalized by the critical acceleration required to trigger rocking (PGA/gtanα) versus the pulse frequency normalized by the characteristic frequency of the block (ωp/p), from which the effect of various parameters on the threshold between the safe (no overturning) and unsafe (overturning) regions is investigated. The results show that the moment magnitude Mw is important, as it affects the pulse period Tp, while the effect of the distance is of lesser importance. Concerning the parameters of the directivity pulse, the oscillatory character of it (γp parameter) and the position of the hypocenter along the fault do not affect the results significantly. The same holds for the coefficient of restitution η, in contrast to the slenderness and the size of the block, which play an important role to the probability of overturning.
